Whole-exome sequencing of individuals with mild cognitive impairment, combined with genotype imputation, was used to identify coding variants other than the apolipoprotein E (APOE) e4 allele associated with rate of hippocampal volume loss using an extreme trait design. Matched unrelated APOE e3 homozygous male Caucasian participants from the Alzheimer's Disease Neuroimaging Initiative (ADNI) were selected at the extremes of the 2-year longitudinal change distribution of hippocampal volume (eight subjects with rapid rates of atrophy and eight with slow/stable rates of atrophy). We identified 57 non-synonymous single nucleotide variants (SNVs) which were found exclusively in at least 4 of 8 subjects in the rapid atrophy group, but not in any of the 8 subjects in the slow atrophy group. Among these SNVs, the variants that accounted for the greatest group difference and were predicted in silico as 'probably damaging' missense variants were rs9610775 (CARD10) and rs1136410 (PARP1). To further investigate and extend the exome findings in a larger sample, we conducted quantitative trait analysis including whole-brain search in the remaining ADNI APOE e3/e3 group (N ¼ 315). Genetic variation within PARP1 and CARD10 was associated with rate of hippocampal neurodegeneration in APOE e3/e3. Meta-analysis across five independent cross sectional cohorts indicated that rs1136410 is also significantly associated with hippocampal volume in APOE e3/e3 individuals (N ¼ 923). Larger sequencing studies and longitudinal follow-up are needed for confirmation. The combination of next-generation sequencing and quantitative imaging phenotypes holds significant promise for discovery of variants involved in neurodegeneration.
INTRODUCTION
Late-onset Alzheimer's disease (LOAD) is the most common agerelated neurodegenerative disease and its incidence is rapidly increasing. 1 LOAD is marked by the presence of abnormal proteins forming histologically visible structures, plaques and tangles, which damage and destroy neurons. 2, 3 While the pathophysiology of LOAD is not fully understood, genetic factors have an important role in the development of LOAD. The heritability for LOAD is predicted to be as high as 80% based on twin studies. [4] [5] [6] in LOAD. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The e4 allele of apolipoprotein E (APOE) is the best established and the most significant genetic risk factor. [17] [18] [19] Recent large-scale genome-wide association studies have identified and confirmed almost 10 additional genetic variants in multiple data sets, [11] [12] [13] [14] [15] [16] which demonstrated population attributable fractions between 2.72 and 5.97%. 15 The total proportion of heritability explained by the susceptibility genes including APOE is estimated to be 23%. 20 Nonetheless, a substantial proportion of the heritability for LOAD likely remains unexplained by the susceptibility genes identified so far. In addition, the majority of genetic variants identified by genome-wide association studies for LOAD were within non-coding regions. Rapid advances in high-throughput sequence capture methods and massively parallel sequencing technologies facilitate the search for disease-causing coding variants, which are unlikely to be detected by genome-wide association studies. [21] [22] [23] Recent studies using next-generation sequencing have successfully identified mutated genes underlying rare Mendelian disorders. [24] [25] [26] Since the cost of sequencing whole exomes in large cohorts is still high, alternative research strategies have been employed to reduce costs and to increase statistical efficiency. 22 One approach is to select families that have multiple individuals affected with a common disease of interest (family-based design), 24, 27 and another is to select a small group of individuals that are at the extreme ends of a phenotypic trait distribution (extreme-trait design) due to rare, deleterious variants. 28 Whole-exome sequencing (WES) studies of AD published to date have focused on early-onset AD 29, 30 and have identified the causative genes in a small number of early-onset AD individuals. In contrast, analyses of WES or whole-genome sequencing (WGS) have not yet been reported in LOAD individuals. To date, resequencing studies of LOAD individuals have used target regions chosen by genomic selection strategies informed by genomewide association studies. 31, 32 Sequencing selected protein-coding regions in large samples has led to the identification of multiple rare variants contributing to LOAD. 31, 32 Amnestic mild cognitive impairment (MCI) is considered to be a precursor to the development of AD. 33 Subjects with amnestic MCI have a highly elevated probability of developing AD with approximately half converting to probable AD within 5 years. 34 Rate of neurodegeneration in MCI and ability to predict disease trajectory are extremely important. To study the genetic architecture of rate of change in imaging parameters, we performed WES of unrelated subjects with MCI using an extreme-trait design. Rate of longitudinal change of hippocampal volume over a 2-year period was selected as the quantitative trait to identify variants associated with medial temporal neurodegeneration, a hallmark of MCI and AD. In addition, we focused on subjects with MCI whose APOE genotype was e3/e3 to improve our power to detect novel variants rather than the well-described APOE e4 effect. Finally, to investigate our exome findings further in a larger sample, we analyzed APOE e3/e3 participants by imputing identified variants in five independent cohorts. To our knowledge, this is the first study to use an extreme-trait approach toward identification of LOAD risk genes or neuroimaging measures as a quantitative trait for WES.
MATERIALS AND METHODS Samples
All individuals used in this report were participants of the Alzheimer's Disease Neuroimaging Initiative Phase 1 (ADNI-1) and its subsequent extension (subsequent extension of ADNI), AddNeuroMed, Indiana Memory and Aging Study, and Multi Institutional Research on Alzheimer Genetic Epidemiology studies (Supplementary information). A majority of ADNI-1 participants (818 out of 822) were genotyped in 2009 using the Illumina Human610-Quad BeadChip. Genotyping and quality control procedures were conducted as described previously and detailed in Supplementary information. [35] [36] [37] To implement the extreme-trait design, subjects for initial analysis were selected by evaluating their loss over 2 years in hippocampal volume, measured by magnetic resonance imaging. 38 A paired design was employed with all 16 Caucasian, nonHispanic male subjects having a diagnosis of MCI at the baseline visit and APOE e3/e3 genotype. The eight pairs were matched on approximate age, education level, and handedness. One member of each pair had a relatively rapid loss in hippocampal volume over the first 2 years of the study ('rapid rate of atrophy' or rapid group) and the other member of each pair had a stable or relatively slow rate of loss in hippocampal volume over the first 2 years of the study ('slower rate of atrophy' or slow group).
WES analysis
WES was performed on blood-derived genomic DNA samples (Supplementary information). Exonic sequences were enriched through hybridization using Agilent's SureSelect Human All Exon 50 Mb kit and sequenced on the Illumina HiSeq2000 using paired-end read chemistry and read lengths of at least 105 bp. Short-read sequences in the target region were mapped to the NCBI reference human genome (build 37.64) using BWA (Burrows-Wheeler Aligner) 39 and GATK (Genome Analysis ToolKit) (Supplementary information). 40 The GATK module, UnifiedGenotyper, was used for multi-sample variant calling. All the variants were annotated with ANNOVAR. 41 PolyPhen-2 and SIFT were used to predict potential impact on protein structure or function of missense variants. 42, 43 Among all exonic variants identified by WES, we specifically focused on identification of variants carried only in the rapid group. We analyzed variants in coding regions in which more than four of eight subjects in the rapid group had at least one alternative allele, but where all eight subjects in the slow group had the same alleles at the locus as the NCBI reference human genome.
Imaging processing
As detailed in previous studies 38, 44, 45 and Supplementary information, two widely employed automated magnetic resonance imaging analysis techniques were independently used to process magnetic resonance imaging scans: whole-brain voxel-based morphometry (VBM) using SPM5 46 and FreeSurfer V4/V5. 38, 44 Imaging genetics analysis
We investigated further the association discovered from WES using the remaining 315 ADNI-1 APOE e3/e3 participants, excluding those used for WES, and quantitative imaging phenotypes. We performed imaging genetics analyses using both longitudinal and cross-sectional (baseline) imaging phenotypes. Based on prior studies indicating that atrophy rates for left and right hippocampal volume are different during the progression of AD, we evaluated the associations separately for left and right hippocampal volume. 47, 48 Multivariate analyses of cortical thickness and gray-matter (GM) density were performed to examine genotype effects of candidate single nucleotide variants (SNVs) identified by WES on vertex-byvertex and voxel-by-voxel bases, respectively. We used age at baseline, gender, years of education, and total intracranial volume as covariates (Supplementary information).
Meta-analysis
We performed a meta-analysis for SNVs identified from WES using the ADNI-1, subsequent extension of ADNI, AddNeuroMed, Indiana Memory and Aging Study, and Multi Institutional Research on Alzheimer Genetic Epidemiology studies to validate the association with hippocampal volume. OpenMeta and METAL were used for the meta-analysis with a fixed-effect inverse variance model. 49, 50 RESULTS Sample characteristics are presented in Supplementary Table S1 . By design, groups differed in the rate of change in hippocampal volume (Po0.001). However, there was no significant difference in mean values of demographic variables between 16 MCIs used for WES and the remaining ADNI-1 MCI group (N ¼ 347) (Supplementary Table S2 ). Table S3 , sequencing and mapping statistics are presented for the 16 exomes. On average, we generated 161 million reads for each individual exome, of which 136 million reads (84%) were uniquely mapped to the NCBI human reference sequence (Build 37). The average rate of bases mismatching the reference for all bases aligned to the reference sequence was 0.36%, indicating that the data were of high sequencing quality. The average coverage of each base in the target regions was 40X. Overall, 79.9% of all bases mapped uniquely to target regions were sufficiently deeply covered with a minimum sequencing depth of 30X.
WES and mapping In Supplementary
Identification of SNVs and short insertion/deletions (indels) To identify genetic variants associated with rate of hippocampal volume loss with evidence for an alternative allele present among individuals, we used multi-sample variant calling. 40 Variants were restricted to bases within the target regions that received a Phredbased quality score of X30. After initial variant calling, variant quality score recalibration was performed. 40 We identified 89 400 SNVs, of which 5941 (6.6%) were not found in the dbSNP database (dbSNP135) and hence were regarded as novel. Before further analysis, the quality of the variant calls was assessed by (1) calculating the transition-to-transversion ratio (ts/tv); and (2) comparing sequencing-derived SNVs with those obtained from the Illumina genotyping array. The ts/tv ratio for all of the SNVs detected in our exomes was 2.72, but the observed ts/tv ratio for SNVs in the coding region was 3.14, within the expected range for coding sequences. 40 To determine concordance between the sequence-based genotype calls and the 610-Quad array-based chip genotype calls, we analyzed the total number of SNVs called in the target region from the sequencing data that were present in those called by the array. Genotypes determined by sequencing and the chip were 99.4% concordant. Of 89 400 SNVs, there were 50 396 exonic, 945 splicing, and 29 236 intronic SNVs (Supplementary Table S4 ). In the protein-coding regions, we found 25 144 non-synonymous and 25 234 synonymous SNVs.
Comparison of exomes of rapid and slow groups Among variants identified from WES, analyses focused on 25 144 exonic non-synonymous SNVs and 613 indels, and 945 SNVs and 82 indels within the regions of the splice site to identify variants associated with rate of hippocampal volume loss in APOE e3/e3 MCI participants. We determined the frequency of variants in the slow and rapid groups and identified variants carried only by the rapid group. We set our initial threshold for variants of interest as more than four of eight subjects in the rapid group that have at least one alternative allele, but eight subjects in the slow group had the same alleles at the locus as the NCBI human reference sequence. In all, 57 non-synonymous SNVs and one indel in the coding regions were found in at least 4 of 8 subjects in the rapid group but not in any of the 8 subjects in the slow group. Of 57 non-synonymous SNVs identified in this manner, which were all found in the dbSNP database (dbSNP135), those that were present in 6 subjects in the rapid group but not in 8 subjects in the slow group were rs9610775 (CARD10), rs1136410 (PARP1) and rs6949082 (HYAL4) (Supplementary Table S5 ). rs9610775 and rs1136410 were predicted as 'probably damaging' missense variants by PolyPhen-2, and 'tolerated' and 'damaging' missense variants by SIFT, respectively. rs9610775 and rs1136410 have a minor allele frequency of larger than 10% in the European American population from the National Heart, Lung, and Blood Institute Exome Sequencing Project Database (https://esp.gs. washington.edu/drupal). These two SNVs present in 6/8 subjects of the rapid group and absent in 8 subjects of the slow group were selected for further investigation. In the following analyses, we focused on these two SNVs to study further whether they are associated with structural imaging phenotypes of AD-related brain regions in a larger sample, independent from the WES discovery sample.
Quantitative trait analysis (QTL) of hippocampal regions of interest (ROIs) We investigated further the association discovered with the two SNVs described above by conducting a QTL using the remaining 315 ADNI-1 APOE e3/e3 participants and quantitative imaging phenotypes. Of newly identified variants, those not genotyped on the Illumina Chip were imputed in the full ADNI-1 sample set using IMPUTE2. 51 Of the two SNVs tested (rs9610775 and rs1136410), rs1136410 showed an association with both the slope and annual percent of change (APC) of right hippocampal volume loss in the 135 ADNI-1 APOE e3/e3 MCI participants (Po0.05). rs1136410 also showed association with left hippocampal volume only in the 315 ADNI-1 APOE e3/e3 participants (P ¼ 0.049). rs9610775 was found to be associated with hippocampal volume both in the 135 ADNI-1 APOE e3/e3 MCI participants and in the 315 ADNI-1 APOE e3/e3 participants (Po0.05) ( Table 1) .
Surface-based analysis: SurfStat Figure 1a displays the results of the main adverse effect of rs9610775 (CC4TC4TT; minor allele: T) using baseline magnetic resonance imaging scans. Highly significant clusters associated with rs9610775 were found in bilateral temporal cortical regions, where mean cortical thickness decreased as the dosage of the minor allele (T) of rs9610775 increased. The opposite contrast, the positive effect of rs9610775 (CCoTCoTT), did not show any significant cluster. Figure 2a shows the dominant effect of rs9610775 on rate of cortical thickness loss (slope) over 2 years (CC4TC, TT). A highly significant cluster associated with rs9610775 was found in the left temporal cortical region, as in the WES analysis. Subjects carrying at least one minor allele (T) showed rapid cortical thickness loss over 2 years compared with the participants carrying no minor allele. Figure 3a displays the results of the negative association between rs1136410 and cortical thickness. The most significant cluster associated with rs1136410 was found in right entorhinal cortex with decreased cortical thickness associated with the dosage of the minor allele of rs1136410. No regions were observed at the same statistical Voxel-based analysis: VBM The VBM results were similar in association direction and regional distribution to those obtained from the cortical thickness analyses. The voxel-wise association between rs9610775 and GM density is shown in Figure 1b . Increased dosage of the minor allele (T) of rs9610775 was associated with reduced GM density. Figure 2b displays the voxel-based analysis results of the dominant association between rs9610775 and rate of GM density loss (slope) over 2 years. An association was observed in the hippocampus. The significant negative association between the genotype of rs1136410 and GM density was also observed in the bilateral inferior temporal lobe (Figure 3b ).
Meta-analysis
A meta-analysis result from the five independent cohorts indicated that there is a significant association of rs1136410 with left and right hippocampal volume at baseline (P ¼ 0.0006-0.0205; Table 2 and Supplementary Figures S1-S3 ).
DISCUSSION WES was performed in APOE e3/e3 males with MCI to identify coding variants beyond APOE associated with rate of neurodegeneration as defined by rate of change in structural imaging. A subset of variants identified from WES were imputed in nonHispanic Caucasian participants from five independent cohorts, and assessed in relation to selected neuroimaging phenotypes from APOE e3/e3 participants, excluding those used in the WES discovery phase. We identified 57 non-synonymous SNVs that were found in at least 4 of 8 subjects in the rapid group, but not in any of the 8 subjects in the slow group. Among these SNVs, the variants that accounted for the greatest group difference and were predicted as 'probably damaging' missense variants were rs9610775 (CARD10) and rs1136410 (PARP1). In the ROI-based QTL to investigate the findings further, rs1136410 was significantly associated with the slope and annual percentage change (APC) of hippocampal volume loss in the 135 ADNI-1 APOE e3/e3 MCI participants. Furthermore, the meta-analysis result from the five independent studies indicated that rs1136410 also showed a significant association with hippocampal volume at baseline in APOE e3/e3 individuals.
In the whole-brain analysis, the results of both VBM and surfacebased analyses for the association of rs9610775 and rs1136410 with brain structure at baseline were consistent. Focal patterns of significant associations with GM density and cortical thickness were observed in the bilateral hippocampus and entorhinal cortex. Regional brain atrophy occurs initially and most severely in the entorhinal cortex and hippocampus before spreading throughout the entire brain. 52 In the significant clusters, mean cortical thickness and GM density decreased as the dosage of the minor alleles of the two SNVs increased. Thus, the minor allele appears to be a risk factor, as expected. No significant associations were observed between rs1136410 and rates of the cortical thickness and GM density loss in the whole-brain analysis, similar to the QTL. However, highly significant associations of rs9610775 with rate of the cortical thickness and GM density losses over a 2-year period were observed in the left temporal lobe and hippocampus. As in the WES result, subjects carrying at least one minor allele showed rapid cortical thickness and hippocampal volume loss compared with those carrying no minor allele. These findings support rs1136410 and rs9610775 as risk markers for accelerated neurodegeneration. Whole-brain analysis results demonstrated that a voxel-wide and/or surface-based analysis complements a target region of interest method by detecting additional regions of association in an unbiased way.
The missense variant rs9610775 is located in exon 4 of CARD10 (Caspase recruitment domain family, member 10) on chromosome 22. CARD10 is expressed in a broad range of tissues, especially at high levels in the brain, liver, kidney and heart. 53 In the human brain, this gene is expressed in numerous regions including the hippocampus.
54 CARD10 has been shown to be involved in the regulation of caspase activation and apoptosis and assembly of membrane-associated signaling complexes. 55 CARD10 is known to activate nuclear factor-kappa B (NF-kB). [56] [57] [58] NF-kB, a transcription factor controlling inflammation, is activated in AD brains, predominantly in neurons and glial cells in beta-amyloid plaque surrounding areas. 59 The NF-kB signaling pathway has a key role in the development of normal central nervous system, possibly via positive regulation of neuronal survival, and in various neurodegenerative diseases such as AD. 59, 60 However, this gene has not previously been associated with AD or neurodegeneration.
The variant rs1136410 is located at codon 762 in exon 17 of PARP1 (Poly(ADP-ribose) polymerase-1) on chromosome 1. The gene consists of 23 exons, and spans 47.3 kb. PARP1 is functionally involved in diverse cellular processes such as DNA damage detection and repair, cell proliferation and death, and maintaining genomic stability. [61] [62] [63] [64] [65] [66] [67] In the human brain, this gene is expressed in numerous regions including the hippocampus. 54 PARP1 has been shown to have an important role in long-term memory formation. 68, 69 Love et al. 70 reported enhanced poly(ADP-ribose) polymerase (PARP) activity in the brains of AD patients, particularly in the frontal and temporal lobes. Abeti et al. 71 demonstrated that PARP is activated by oxidative stress and beta-amyloid-induced neuronal death is meditated by PARP in response to oxidative stress. Strosznajder et al. suggested that PARP1 overactivation can be responsible for necrotic cell death, leading to cognitive impairment, and the PARP1 activation by oxidative stress seems to be an early and important event in the pathogenesis of AD. 61, 72, 73 Nevertheless, genetic analysis of association of rs1136410 with the risk of AD produced negative results. 67, 74 Interestingly, CARD10 activates NF-kB and PARP1 is involved in beta-amyloid-induced microglia activation through the regulation of NF-kB, 75 implicating a possible common pathway for these variants.
There are a number of strengths of the present study. This is the first study to use WES to identify AD or MCI risk genes and to employ longitudinal change in hippocampal volume as a quantitative trait for WES in an extreme-trait design. We focused on baseline MCI subjects with APOE e3/e3 to study an early part of the disease spectrum and identify candidate genes beyond APOE, the most significant known genetic risk factor for AD. In addition, multiple refined whole-brain imaging analyses were performed to further characterize the neuroanatomical structures associated with candidate variants in a larger sample. Finally, we performed a meta-analysis using five independent cohorts. Although mitigated somewhat by the extreme-trait design, a limitation of the present report is that available resources only permitted us to sequence 16 exomes, a modest sample size for genetic analysis. In the 16 WES data set, as it is not possible to reach significance after Bonferroni correction for any variant, we could not perform a statistical test using 16 WES data. In addition, WES does not cover all exons, promoters or regulatory regions and this approach may have missed other variants. Future WGS will address these genomic regions with greater coverage.
In summary, we conducted a WES analysis in a small, highly selected number of samples from ADNI-1 with MCI and APOE e3/ e3, and then carried out cross-sectional and longitudinal quantitative trait and whole-brain analyses to investigate candidate variants further in five independent cohorts. Our findings offer further evidence from a novel approach that PARP1 and CARD10 may be associated with neurodegeneration in those at high risk for AD. Importantly, our results implicated these genes independent of any role of APOE e4, since we restricted our search to e3 homozygotes. Furthermore, rs1136410 (PARP1) is also significantly associated with hippocampal volume at baseline in APOE e3/e3 individuals. Confirmation of our longitudinal results in independent and larger cohorts remains of critical importance. Overall, combining next-generation sequencing and quantitative imaging phenotypes holds promise for discovery of variants involved in neurodegeneration and other brain disorders.
